Yana Drozdova3, Karol Miaskiewiczb, Ralf Steudel3-* Sulfanes, Structure, V ibrational Spectra, Torsion B arriers A b initio calculations at the M P 2/6-311 G **//M P 2/6-311 G** level show that the all-trans, cis-trans and all-cis ro tam ers of H 2S4 a re practically o f identical energy. T heir vibrational w avenum bers are also practically identical and in ag reem en t with the observed infrared and R am an spectra of dissolved H 2S4. O n ro tatio n a b o u t th e central bond of H 2S4 the torsional barriers are found to be 32.0 (m -b a rrie r) and 26.6 kJ m o l-1 (rrans-barrier). The geom etries of the tw o transition states with 7"SSss = 0° and 180° can be explained by hyperconjugation betw een the lone pairs at the term inal sulfur atom s and the o * m olecular orbital of the central bond.
Introduction
Tetrasulfane is a yellow liquid which may be prepared by a num ber of methods [2, 3] . Due to its low vapor pressure and its thermal instability the structure of H2S4 has not yet been determ ined experimentally. The only structural information comes from the infrared and Raman spectra [4] and the TH NMR spectra [5] , which are in agree ment with an unbranched chain-like structure. Quantum-mechanical calculations on H 2S4 have been carried out at various levels of theory [6] [7] [8] [9] , but in all cases it seems that a helical chain struc ture has been assumed to be the most stable. O ther stable rotam ers were not taken into ac count. It is, however, known that trisulfane H 2S3, for example, exists as both cis- [10] and transrotamers [11] in the vapor phase, and ab initio molecular orbital calculations have revealed that the total energies of cis-and trans-H2S3 are practi cally identical [11] .
Therefore, we have studied the rotational iso merism of H 2S4 by ab initio MO calculations of the geometries, energies and vibrational spectra of tetrasulfane in various conformations. In addition, the torsional barriers have been calculated. * R eprint requests to Prof. D r. R. Steudel.
Calculations
All calculations were perform ed with the GAUSSIAN 92 program package [12] for ab initio MO calculations. The molecular structures of the three rotam ers of H 2S4 were fully optimized at the Hartree-Fock level with the 6-311 G** basis set and were reoptimized at the MP2/6-311 G** level of the theory [13] . The optimization was done from different starting geometries with respect to the rotation around the SS bonds.
The harmonic vibrational frequencies of all rotam ers were computed numerically at the MP2/6-311G** level of theory. The vibrational wavenumbers listed in Table IV were scaled by a factor of 0.9427 for MP2/6-311G** according to the suggestion by Pople et al. [14] . The values of the zero point vibrational energies (ZPE) given in Tables I and V were not scaled. For a general   Table I . Total energies (au = 4 .3 6 -10-18 J), zero point energies (Z P E ; kJ m o l-1) and relative energies (kJ m o l-1) of the three H 2S4 rotam ers. All values apply to th e geom etries optim ized at the M P2/6-311G ** level. description of the basis sets and methods used, see ref. [15] .
Results and Discussion
Assuming the normal values of ± 90° for the torsional angles at sulfur-sulfur bonds, tetrasul fane may exist as three stable rotamers: all-trans (motif +++; symmetry C2), cis-trans (motif + + -; symmetry Q ) and all-cis (motif + -+ ; symmetry C2): see Fig. 1 . The energies of these rotamers are given in Table I , the geometrical param eters are shown in Table II , and the atomic charges are listed in Table III . The vibrational wavenumbers were used to calculate the zero-point energies listed in Table I .
The data in Table I show that the three rotamers of H 2S4 are practically of identical energy. Surpris ingly, the cis-trans rotam er is most stable, followed by the all-cis form, while helical all-trans-H 2S4 is least stable (by 0.66 kJ m ol-1). This indicates (1) that there is no interaction between the SH dipoles and (2) that the motifs +++, + + -and + -+ do not differ in energy. This is of importance for the relative energies of both longer sulfane Table II molecules and of homocyclic sulfur rings. With longer sulfanes there will probably be also no sub stantial energy difference between rotational iso mers, and the stability of sulfur rings with different motifs should be very similar: in fact, S8 (motif + -...) and S12 (m otif + + --...) possess almost the same bond energy, S8 being favored by only 1 kJ m ol_1(bonds) [16] . The geometrical param eters in Table II show that the bond distances, valence angles, and SSSS torsion angles of the three rotam ers are practically identical. Only the HSSS torsion angles differ by up to 9.4°. To our knowledge this is the first high level ab initio MO calculation of a chain-like mole cule with four neighboring sulfur atoms. It, there fore, provides for the first time information about the most favorable value of the SSSS torsional angles. The values found for the three rotam ers range from 79.9 to 80.5° showing that cum ulated sulfur-sulfur bonds prefer a somewhat smaller angle than isolated SS bonds: for H 2S2 the energy minimum is observed [17] and ab initio calculated [7, 17, 18] at r = 90°.
The atomic charges of H 2S4 (Table III) are small as expected, but nevertheless the dipole moments of the rotam ers differ substantially and increase in the order all-trans < cis-trans < all-cis. Due to these differences the relative stabilities in organic solvents will differ from those in the gas phase where the cis-trans form is expected to dominate. It has in fact been observed that the !H chemical shift of sulfanes is strongly solvent dependent [5] . This may be partly due to differing mixing ratios of the three rotamers.
The vibrational wavenumbers of the three rotam ers (Table IV) do not differ sufficiently to detect these species in the presence of each other.
Only the infrared intensities are in some case quite different (in the case of some of the bending and torsion modes, for example). In the last column of Table IV the experimental spectra of H 2S4 are given (infrared: CC14 solution; Raman: CS2 solu tion) [4] . There is a fairly good agreem ent between observed and calculated wavenumbers. A com parison of the observed and calculated infrared intensities shows that H 2S4 in CC14 cannot be predominantly present as the all-cis isomer since the symmetrical HSS bending mode has been observed as a medium intense absorption at 963 cm -1 while the all-cis form shows this vibra tion with very low intensity -in contrast to the other two rotamers.
The rotational barriers of sulfane molecules have been determ ined experimentally only in the case of H 2S2 [17] , while for H 2S3 and H 2S4 only calculated values are available. The most recent data [7, 8, [17] [18] [19] [20] show that the barrier heights of H 2S2 and H 2S3 are in the range 20-35 kJ m ol-1, with the cis barrier higher than the frans-barrier which can be rationalized by the interaction of the substituents at the particular SS bond for r = 0°. However, in the case of H 2S4 it has been reported [6] that on rotation about the central bond the cisbarrier is lower (29.8 kJ m ol-1) than the trans-bar rier (32.6 kJ m ol-1) which would be hard to explain.
We have calculated the geometry and energy of H 2S4 for r ssss = 0° ar*d 180° with full optimization of all remaining geometrical param eters starting from the helical conformer. These two transition states with planar SSSS framework are both of C2 symmetry. The energies and geometries obtained are given in Tables V and VI These values are in agreem ent with the expecta tions based on the experiences made with H 2S2 and H2S3 (see above). They show that it will not be possible to separate the H2S4 rotamers or enan tiomers at ambient tem perature. The same will then hold for cyclo-Sj0 which is chiral but probably undergoes pseudorotation in solution at 20°; this process will be rapid enough to prevent separation of the enantiomers. An interesting feature of the planar SSSS fram e works is the bond distance pattern. In the stable H 2S4 rotam ers all SS bonds are practically of the same length (207.5 ± 0.2 pm) (Table II ). In the planar S4 units the central SS bond is considerably elongated while the terminal SS bonds are short ened (Table VI) . This bond length alternation has been observed for many other compounds [21] and is explained by repulsion of the 3p T lone pairs at the two central sulfur atoms resulting in a tend ency to delocalize electron density into a* molecu lar orbitals of neighboring bonds of suitable geom etry [22] . In the present case these would be the SH bonds, but these are of the same length as in the stable rotamers. One therefore has to conclude that the SH bonds are not suitable for this type of hyperconjugation. Therefore, another interaction has to be considered to explain the shorter term i nal SS bonds com pared with the stable rotamers. In Fig. 2 it is shown how the 3p_T lone pairs at atoms S 1 and S4 can interact with the <7*-molecular orbital of the central bond. The weakening of this bond by the lone-pair repulsion between atoms S2 and S3 results in a weaker overlap of the two CT-orbitals of these atoms; thus the orbital energy of the ct*-MO is lowered making it more suitable for the jr-interaction with the 3p atomic orbitals at SI and S4. This interaction results in the shorter bonds S 1 -S 2 and S 3 -S 4 in the transi tion state structures [22] . The results presented here show that the often cited statem ent that "the structure of highest sym metry is the most stable one" is incorrect. In the case of H 2S4 the structure of lowest symmetry (C t ) is more stable than the two structures of C2 sym metry. This has also been observed in the case of the isoelectronic molecules HSSSOH [23] and HOSSOH [24] and of the methyl derivative of the latter [25] . Therefore, one might expect that H 2S5 and higher sulfanes also exist as mixtures of helical and non-helical rotam ers of very similar energies. This view is supported by the observation that or ganic polysulfanes R -S " -R with n -4, 5, 6, 7, 9 exist as either helical or non-helical rotam ers in the solid state [26] . The present results also explain why S8 with r = 99° is more stable than S12 with t = 88° [27] . For chains of more than two sulfur atoms the most favorable torsion angle is obvi ously by ca. 10° larger or smaller than the 90° found for H 2S2 since in this way the lone-pair re pulsion between the atoms Sj and Si + 2 is reduced.
